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MW of ICRF power was reliably coupled and the 3 He concentration, controlled in real-time, was varied from below 1 % up to 10 %. The minority heating regime was observed at low concentrations (up to 2 %). Energetic tails in the 3 He ion distributions were observed with effective temperatures up to 300 keV and bulk electron temperatures up to 6 keV. At around 2 %, a sudden transition was reproducibly observed to the mode conversion regime, in which the ICRF fast wave couples to short wavelength modes, leading to efficient direct electron heating and bulk electron temperatures up to 8 keV. Secondly, experiments performed to study D minority ion heating in H plasmas are presented. This minority heating scheme proved much more difficult since modest quantities of carbon (C) impurity ions, which have the same charge to mass ratio as the D ions, led directly to the mode conversion regime.
Finally, numerical simulations to interpret these two sets of experiments are under way and preliminary results are shown.
(Figures in this article are in colour only in the electronic version)
Introduction
It is envisaged that, in the initial phase of International Thermonuclear Experimental Reactor (ITER) [1] operation, H plasmas will be used to minimise the activation of the machine during the commissioning stages. The two relevant ICRF scenarios foreseen in H plasmas are based on the heating of 3 He minority ions, referred to as ( 3 He)H, or D minority ions, referred to as (D)H. A key feature of these so-called inverted scenarios is that the minority ion species have a smaller charge to mass ratio than the majority ion species, i.e. In the past, tritium (T) inverted scenarios in D plasmas with T and D fractions of 5 % and 95 % respectively, have been successfully tested during the 1997 JET DT campaign [2] . Further results were also obtained in the recent "Trace Tritium Experiment (TTE)" at JET [3] , with tritium concentrations up to around 3.5 %. Nevertheless, until now ( 3 He)H and (D)H scenarios were only scarcely documented.
ICRF heating commonly relies on the propagation of the fast magnetosonic wave (in short, fast wave (FW)) to transport energy from the plasma edge to the core. The FW dispersion relation in the cold plasma approximation can be written as:
where R, L and S are the dielectric tensor components as defined by Stix [5] ; , which corresponds to the ion-ion hybrid resonance layer ii R for a plasma with two ion species [6] .
The mode conversion (MC) regime occurs if the FW incoming from the low magnetic field side (LFS) efficiently tunnels through the thin evanescence layer between the left-hand cut-off and the ion-ion hybrid layer. Then, considering a finite temperature plasma, the FW can be mode converted to hot plasma waves near the ion-ion hybrid layer. The nature of these short wavelength waves depends on the plasma properties [7] . They can be kinetic Alfvén waves, ion Bernstein waves (IBW) or electromagnetic ion cyclotron waves (ICW), depending on the relative importance of temperature and poloidal field effects [8] [9] [10] . Their main common characteristic is that they are strongly damped by electron Landau damping (ELD) because of the strong up-or down-shift of // k due to the presence of a finite poloidal magnetic field [11] .
The minority heating (MH) regime occurs when the FW energy is dominantly absorbed at the ion cyclotron resonance layer ic R . The minority ion cyclotron resonance condition can be v is the minority ion parallel velocity. In this regime, the FW absorption by the minority ions results in the formation of a high-energy population, i.e. the appearance of a tail in the minority ion distribution function. The heating of the background ions and electrons takes place on the rather long time scale of the minority fast ions collisional slowing-down time (typically of the order of 0.4 s for the 3 He ions in the experiments described in this paper). When the energy of the fast minority ions is above a certain critical energy crit E [5] , the electrons are predominantly heated by collisions with the fast ions, whereas in the opposite case mainly ion heating is obtained. concentration was scanned from 0.5 % to 10 %. The minority heating regime obtained for concentrations below 2 % as well as the transition to the mode conversion regime are studied.
Section 3 reports on ICRF heating experiments with D minority ions in H plasmas. The strong influence of carbon impurity ions in this scheme is highlighted. Note that a concise summary of these two sets of experiments has been given in [4] . Finally, preliminary results from numerical simulations of these two heating schemes with the 1-D code TOMCAT and the 2-D full-wave code CYRANO are presented in section 4.
ICRF heating of H plasmas with 3 He Minority ions

Experimental set-up.
The experiments were carried out in H plasmas (with a small concentration of D from wall recycling ( e D n n / ) estimated of the order of 1-2 %) in the JET single-null divertor configuration with the following parameters: minor radius of 0.9 m, major radius of the magnetic axis around 3 m, toroidal vacuum magnetic field at 2.96 m (B t ) of 3.6 T, plasma current (I p ) of 2 MA and central electron density (n e0 ) around 3 10 19 m -3 .
As discussed in the introduction, the 3 He concentration is one of the critical parameters influencing the FW damping. Hence its control and determination was crucial for these experiments. As 3 He gas is lost through transport, keeping the concentration at a specific level of the majority and minority ions measured using the respective characteristic light emission in the divertor. Iron, argon, nickel, oxygen and carbon impurities were taken into account through the radiation spectrometer data. It should be noted that when a very low 3 He concentration (< 1%) was required, it was only necessary to inject 3 He before the ICRF heating phase.
Up to 5 MW of ICRF power ( ICRF P ) was applied using the four JET A2 ICRF antennas [18] at a nominal frequency of 37 MHz, positioning the fundamental 3 He cyclotron resonance layer R ic ( 3 He) near the plasma centre (see Figure 2 ). Each ICRF antenna is fed by four transmission lines with slightly different electrical lengths connected to one generator. The four antennas are operated at slightly different frequencies around the nominal one in order to prevent cross-talk between generators, and also because small frequency variations are used in combination with line stretcher and stub adjustments in the ICRF system matching algorithm [19] . The exact frequencies used are summarised in Table 1 In all these pulses 1.3 MW of H neutral beam injection (NBI) was added in order to allow measurements of ion temperature profiles using the edge charge-exchange diagnostic (the charge exchange diagnostic viewing the plasma core was not available for the experiments described).
In order to experimentally deduce the electron power deposition profiles, the electron temperature response to an ICRF power modulation was analysed using a Fast Fourier Transform (FFT) technique (used to study the response of a system to a periodic perturbation)
and Break-In-Slope (BIS) methods (which only requires a step change in the power level to estimate the absorption profiles) [17] [20] [21] . ICRF power was modulated during a 0.5 s period at the beginning and at the end of the ICRF power flat-top with a frequency of 20 Hz and an amplitude of 50 % (see example on Figure 3 ). The modulation period τ mod = 0.05 s, was chosen much smaller than the energy confinement time τ E (typically of the order of 0.2 s in the experiment described in this paper) to ensure that the diffusion processes occur on a much longer time scale than τ mod . This allows the straightforward application of the BIS analysis on the ECE signals for estimating the power deposition profiles.
The electron temperature e T was measured using an electron cyclotron emission (ECE)
heterodyne radiometer [22] with the number of channels recently increased to 96 in order to cover approximately the full plasma radius. The time resolution varies from 0.2 ms to 1 ms, the estimated radial resolution for each individual channel is around 2-5 cm and the separation between channels lower than 1 cm. Ever since the installation of the divertor, the centre of JET plasmas have been displaced vertically with respect to the equatorial plane of the tokamak. As a consequence, the ECE line of sight (located about 0.13 m above the machine midplane) passes below the magnetic axis by about 0.17 m (cf. Figure 2 ). When doing FFT and BIS analysis, two radial co-ordinates were available for data interpretation:
-The actual major radius position at which the measurements are made.
-The major radius position corresponding to the intersection of the magnetic surface on which the measurements are made, with the horizontal plane passing through the magnetic axis.
The second of these co-ordinates were used for the electron power deposition profiles presented in this paper as it illustrates the fact that the plasma core is not diagnosed, thus avoiding misinterpretation of the data. Moreover, as fast time evolution of the density profiles were not available, it was assumed that this quantity did not respond to the rapid changes of the modulated ICRF power. The total fraction of the ICRF power damped directly on electrons was estimated by integrating the electron power density profiles derived from the measurements over the plasma volume. For both FFT and BIS methods, it was assumed that transport processes occur on a time scale much longer that the modulation period [22] [23].
Finally, information on the presence of fast ICRF-accelerated ions was obtained with gammaray (γ-ray) spectrometry analysis [24] and both low-and high-energy neutral particle analysis (NPA) [25] .
3 He minority heating regime in H plasmas
To establish the feasibility of 3 He MH regime in inverted scenarios a set of discharges was obtained with 3 He concentration below 2 %. Figure 3 shows an overview of three discharges with < e He n n / 3 1 % and different phasings of the ICRF antennas: dipole, +90º and -90º. In these pulses, the electron temperature increase, the production of neutrons and the gammarays emission indicated that a fast 3 He population was created and that 
. This calculation gave a fast 3 He ion energy content up to 60 % higher in the +90º phasing case than in the -90º and dipole phasings cases.
More information on the fast 3 He ion population was obtained from the γ-rays produced by the nuclear reactions, firstly between 3 He ions with energy above 0.9 MeV and 9 Be impurity ions and secondly between 3 He ions with energy above 1.3 MeV and 12 C impurity ions [24] .
The presence of a higher energy 3 He tail with +90º phasing was confirmed by the higher γ-ray emissivity (shown on Figure 5 ) for pulse 63313 than for pulses 63312 (dipole phasing) and 63314 (-90º phasing). In discharge 63319, also shown on Figure 5 , the 3 He concentration was doubled with respect to discharge 63313. The increase by a factor of 1.7 in the γ-ray signal and neutron rate confirmed a higher fast ion population but with a lower temperature tail. In this pulse it was estimated that the tail temperature was MeV
The presence of ICRF accelerated 3 He ions was also illustrated by the NT R , DIA W and max e T decrease (see Figure 3 and Figure 5 ) following the decrease of the averaged ICRF power during the ICRF power modulation between t = 9 s and t = 9.4 s. High energy NPA confirmed the existence of a fast 3 He population but the fluxes of 3 He ions were too small to make any definite conclusions on the 3 He distribution function.
Information on the radial profile of the fast 3 He population was obtained from γ-ray emission profiles measured with the JET neutron and γ-ray diagnostics [24] , [26] . These consist of two cameras, vertical and horizontal, with nine and ten lines of sight, respectively. The lineintegral measurements of the γ-ray emission along the lines of sight were tomographically reconstructed [27] in order to give the local γ-ray emissivity in a poloidal cross section, as shown in Figure 6 . The results obtained were found in agreement with the past observations of the ICRF-induced orbit pinch effect in presence of toroidally directed waves [28] [29] [30] .
In the +90º phasing case, the inward pinch of the resonant trapped ion orbits turning points leads to detrapping and produces a significant number of high-energy non-standard passing ions on the low field side of the resonance [31] . In the -90º phasing case, which corresponds to an ICRF-induced outward pinch, the standard trapped orbits dominate and the turning points of the orbits move outwards along the resonance layer leading to a narrower and more elongated γ-ray profile (see Figure 6 ).
It should be noted that in both pulses with +90º phasing (63313 and 63319), toroidal Alfvén eigenmodes (AEs) with frequencies between 220 and 260 kHz were observed during the ICRF power flat-top while in the pulses with dipole (63312) and -90º phasing (63314) . Here ϕ n is the toroidal mode number; ω is the mode frequency and fast ω is the fast ion diamagnetic frequency, which is proportional to the radial pressure gradient of the energetic ion distribution function and increases with the effective tail temperature [32] . This suggests that the pulses with +90º phasing ICRF waves generated fast ions with more peaked radial pressure profiles and tails with energies high enough to excite AEs.
Transition from ICRF minority heating to MC heating
As the 3 The transition between MH and MC was further confirmed by the disappearance of the fast 3 He population for e He n n / 3 > 2 %. This was seen on the γ-ray emission (requiring 3 He ions with energy above 0.9 MeV) shown in Figure 8 for the pulses 63319, 63320 and 63324, which differ only in 3 He concentration. In discharge 63319, a high signal was measured throughout the pulse as the 3 He concentration stayed below 1.8 %. In discharge 63320, as e He n n / 3 was increased above 2 % for t ≈ 6.3 s the γ-ray signal began to decrease to finally disappear. Almost no signal was collected in discharge 63324. One can also notice in Figure   8 , the small decrease in ICRF power for pulse 63320 and the very ragged ICRF power for pulse 63324. This perturbation in the power was due to strong modification in the antenna loading as the ICRF wave absorption mechanism changed at the transition between the two regimes.
The 2 % threshold concentration was also confirmed by plotting the fast ions energy content for a large range of pulses with different ICRF phasing, total heating power and magnetic field as a function of the 3 He concentration (see Figure 9 ). It should be noted that additional experimental data would be required to document more precisely the heating regime transition (with R the plasma major radius). Consequently, the critical minority concentration between the two regimes is expected to be different for different antenna phasings [33] .
An estimate of the electron deposition profiles before and after the change of heating regime was obtained with a BIS analysis of the pulse 63322 (previously presented in Figure 7 ) for which the ICRF power modulation was applied throughout the ICRF flat-top. As mentioned in the introduction, the BIS profiles were mapped onto the equatorial plane of the plasma. This is illustrated on the poloidal sections presented in Figure 13 , where one can see that no temperature measurements were available for major radius between 2.9 m and 3.1 m. Two electron deposition radial profiles are shown in Figure 10 , corresponding to times preceding and following the heating regime transition. These deposition profiles were obtained from an upgraded BIS method [34] , in which the phase lags between the power modulation and the electron temperature response, that occur during indirect electron heating, are taken into account meaning that both indirect and direct electron deposition are deduced. For Consequently, inconsistencies between FFT, upgraded BIS and standard BIS analyses can be used as a diagnostic to indicate where indirect heating is taking place [22] . The three methods
were thus compared and the resulting electron deposition profiles for The reason for such off-axis direct electron heating was attributed to be the presence of C impurity ions in the plasma, which have the same charge to mass ratio as the D minority ions.
Note that the concentration of others impurities with the same charge to mass ratio as the C ions was negligible compared to the C concentration ( 
Mode conversion regime in H plasmas
In order to further investigate the MC regime, experiments were performed with a magnetic field lowered to 3.3 T and a 3 He concentration of 3.5 %. The resulting 3 He-H hybrid layer was located at a major radius R ≈ 2.8 m instead of R ≈ 3.15 m in the previously discussed pulses.
NBI power and therefore T i measurements were not available for these pulses. An overview of the results obtained is presented in Figure 14 for dipole and +90º phasings. One can see that almost no neutrons were produced, which means that only a few, if any, fast 3 He ions with energy above 0.9 MeV were present. For the same reason, no γ-ray signal was collected.
Furthermore the NPA diagnostic, confirmed that no fast 3 He ions with energy above 400 keV, were produced during its time window of measurements i.e. 6 s to 9 s. Finally, the highest electron temperature, up to 8. 
ICRF heating of D ions in H plasmas
The experimental set-up for these experiments was similar to the one described above. The experiments were carried out at a toroidal vacuum magnetic field at 2.96 m of 3.9 T, a plasma Table 2 . Dipole phasing of the antennas was used.
An overview of a typical discharge is presented in Figure 16 . The coupling of the ICRF power was very challenging in this set of experiments and only brief peaks at a maximum value of 2.5 MW were achieved. Most of the time the averaged coupled power was around 1.5 MW.
The first reason for this power limitation comes from the fact that 29 MHz is near the limit of the generator capability. Secondly, the antenna coupling resistance was unusually low and unsteady indicating poor wave absorption.
Strikingly, no D fast ions were detected, either by the neutral particle analyser or the γ-ray emission. No neutrons were detected and the maximum electron temperature obtained was around 3 keV. BIS analysis performed on several pulses revealed, as illustrated in Figure 17 , a rather peaked electron power deposition profile maximum at R ≈ 3.5 m and with a full width at half maximum of around 30 cm. The total power absorbed by the electrons was estimated to be 50 % of the ICRF power. This off-axis electron heating could only be explained by the presence in the plasma of 2-3 % of C, leading directly to the mode conversion regime. The effect of 2 % of C on the dispersion relation is shown on Figure 18 . On Figure 18 No optimisation of this mode conversion heating scheme was attempted mainly because lowering the magnetic field to position the mode conversion layer more centrally would have introduced the 3 He ion cyclotron resonance in the plasma.
Numerical simulations
Simulations have been performed with the 1-D code TOMCAT [35] and the 2-D full wave code CYRANO [36] to aid in the interpretation of the experimental results. TOMCAT is a finite element code based on a variational principle for studying one-dimensional fast wave propagation and damping near the ion-ion hybrid conversion layer in tokamaks [35] . Finite
Larmor radius (FLR) corrections up to second order in Maxwell's equations for the wave field are solved using Fourier series in the poloidal and toroidal directions and a finite element method. We stress that modelling mode conversion to short wave modes in two dimensions is a very challenging problem, the adequate treatment of which has recently started by appealing to massively parallel computers [37] . The CYRANO results presented here are accordingly preliminary for the MC regime, because our present computer capability only allows a partial numerical resolution of the short mode converted waves in the poloidal direction for a large tokamak such as JET. These simulations will be readdressed in a future paper as soon as adequate computer power becomes available to us. Nevertheless, the effect on the 3 He-H hybrid layer appears to be minor. In figure 19 , for Both codes show that when the C impurity is taken into account, the 3 He absorption is maximum for 3 He concentration to be related to the modest to poor absorptivity of the scheme but cannot be explained in detail from 1-D simulations. As manifest from the low and very unsteady antenna coupling during the experiments, wave absorption was indeed quite poor, and the resulting global pattern of standing waves in the tokamak had strong influence on power deposition [38] . The high sensitivity of the absorption efficiency on the D and C content in the plasma and the lack of accuracy on their experimental concentrations renders the interpretation of this inverted scenario very delicate. The fate of power channelled onto short wavelength branches has to be carefully assessed, accounting for realistic profiles, parasitic edge damping and 2-D wave propagation effects. This more in-depth analysis will be reported in a future paper. .
Conclusions
Inverted minority scenarios relevant for the non-activated phase of ITER in H plasmas have been investigated at JET. 3 He minority heating was successfully achieved for He power heating powers calculated using the TOMCAT simulation code for different plasma target temperatures (3, 5 and 8 keV) and 3 He concentrations of 2 and 3.5 % The dots correspond to n 3He /n e ≈ 2.6 % (MC regime). is for n 3He /n e ≈ 2.6 %. 
